Zinc aluminum alloy nanowire was fabricated by the vacuum die casting. Zinc aluminum alloy was melted, injected into nanomold under a hydraulic pressure, and solidified as nanowire shape. Nanomold was prepared by etching aluminum sheet with a purity of 99.7 wt.% in oxalic acid solution. A nanochannel within nanomold had a pore diameter of 80 nm and a thickness of 40 m. Microstructure and characteristic analysis of the alumina nanomold and zinc-aluminum nanowire were performed by scanning electron microscope, X-ray diffraction analysis, and energy dispersive X-ray spectroscopy. Zinc aluminum oxide nanowire array was produced using the thermal oxidation method and designed for the photoelectrode application.
Introduction
Fossil fuels have the finite resources that will eventually dwindle and make too environmental damages to retrieve. As time goes on, they will become too expensive to utilize. Therefore, the development of the renewable energy, such as solar energy and wind, are necessary immediately.
Solar energy conversion is a highly attractive topic for clean and renewable power for the future. Dye sensitized solar cell (DSSC) is a type of Solar cell and has a significant potential to be a low cost alternative to conventional photovoltaic device. Various metal oxide nanostructures such as TiO 2 , ZnO, Fe 2 O 3 , ZrO 2 , Nb 2 O 5 , Al 2 O 3 , and CeO 2 have been successfully employed as photoelectrodes in SCs [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Among the above metal oxide nanostructures, ZnO draws much attraction for its particular properties. ZnO is a direct wide bandgap semiconductor ( = 3.4 eV) with large exciton binding energy (∼60 meV). The efficiency of a DSSC is strongly dependent on the charge recombination at the interface. The injected electron can be recaptured by the dye before diffusing into the bulk causing the losses of efficiency. The interfacial recombinations can be retarded by coating a thin layer of a second insulator, such as Al 2 O 3 [12] . Similar results are also demonstrated by Palomares et al. [13] . Palomares and his coworkers state that the conformal growth of an overlayer of Al 2 O 3 on a nanocrystalline TiO 2 film would result in a 4-fold retardation of interfacial charge recombination and a 30% improvement in photovoltaic device efficiency.
Therefore, it is supposed that zinc aluminum oxide nanowire would have better efficiency than zinc oxide nanowire and be a promising candidate for highly efficient SCs. Until now, few literatures mentioned the fabrication or synthesis of zinc aluminum oxide nanowire. The purpose of the research reported here was to propose a novel method to fabricate zinc aluminum oxide nanowire and apply the nanowires in the photoelectrode for DSSCs. Most important benefits of this method are the composition of nanowire could be controlled precisely and it is also easy to adjust the component.
Experimental Procedure
In this study, zinc aluminum oxide nanowires were fabricated using anodic aluminum oxide (AAO) as a template. The experimental procedure could divide into four parts. First of 2 International Journal of Photoenergy all, an anodic alumina nanomold was obtained by etching a pure aluminum sheet with a purity of 99.7 wt.% in 0.3 M oxalic acid solution. Two steps of anode treatments were applied to obtain more uniform nanopores in this experiment. The first step of the anode treatment was carried out at a voltage 40 V and a temperature of 25 ∘ C for one hour. Afterward removing alumina thin film from the surface of aluminum sheet was performed in the mixture of 6% phosphoric acid solution and 2% chromic acid solution at a temperature of 60 ∘ C. The second step of the anode treatment was carried out in the same process conditions indicated in the first step for 6 hours. Finally, aluminum substrate was removed using copper chloride solution and then the anodic alumina nanomold with a pore diameter of 80 nm could be obtained. Since the alumina membrane has an excellent chemical stability and could maintain its porous structure under the high temperature and pressure conditions, it is a very suitable mold [14, 15] .
The second part of the procedure was the fabrication of zinc-aluminum alloy by the vacuum melting method. The high purity of zinc and aluminum scraps were mixed and placed in a quartz glass tube. In order to prevent metal from oxidation during melting, the vacuum was extracted using a molecular turbo pump and kept at 3 × 10 −6 torr. Then, the glass tube was placed in a furnace and the temperature was increased to 750 ∘ C for several minutes until all metal is smelted and mixed well. After cooling, zinc-aluminum alloy was obtained. More detailed process of the vacuum melting was described in our previous study [16, 17] .
Furthermore, zinc-aluminum alloy nanowire array was produced using thehigh vacuum die casting technique. A piece of zinc-aluminum alloy and an alumina template were placed inside the chamber in which the vacuum pressure was maintained at 10 −6 torr. After the chamber was heated to 750 ∘ C, a hydraulic force was applied to the molten zinc-aluminum alloy. During casting, the molten alloy was injected into the anodic alumina nanomold forming alloy nanowire array. The force required to introduce molten alloy into the nanomold is proportional to the surface tension of the melt. The surface tension of the molten zinc at 750 ∘ C is 719.7 dyne/cm and the surface tension of the molten aluminum at 750 ∘ C is 857.05 dyne/cm [18] . Therefore, the surface tension of the molten zinc-aluminum ally at 750 ∘ C is 748.82 dyne/cm by calculation. Additionally, the pressure for the molten metal injection into nanomold can be evaluated as [19] = / = −(2 cos )/ , where is the normal force, is the area of the nanomold, is the radius of the nanochannel, is the surface tension of the molten zinc-aluminum alloy, and is the contact angle between the melt and the porous alumina membrane. The surface tension of the molten zincaluminum is 748.82 dyne/cm and the contact angle is 104.85
∘ . Therefore, the force required to inject the molten alloy into nanomold is 3.01 × 10 8 dyne. Solidification proceeded using a water cooling method at the bottom of the chamber. The zincaluminum nanowire array was formed after cooling to room temperature.
Finally, zinc aluminum oxide nanowire array was fabricated through a thermal oxidation process. The fabrication procedure of zinc aluminum oxide nanowire array is illustrated in Figure 1 . The nanowire array was put into an air furnace and applied a heat treatment at 250 ∘ C for 24 hours. After that, the aluminum oxide surrounding the nanowire was removed using sodium hydroxide solution and then zinc aluminum oxide nanowire array could be obtained.
The morphologies and the dimensions of the anodic alumina nanomold and the zinc aluminum nanowire array were observed by scanning electron microscope (SEM). The composition and crystallinity of the zinc-aluminum alloy nanowires were detected by X-ray diffraction (XRD) spectrum and energy dispersive spectroscopy (EDS). Differential scanning calorimeter (DSC) was used to measure the thermal characteristics of zinc-aluminum alloy.
Results and Discussion
In this study, porous alumina nanomold was produced using the anodization method with a two-step process in oxalic acid solution. The porous alumina nanomold was formed on aluminum with the equilibrium of oxide dissolution at the interface of the alumina/electrolyte and oxide grown at the metal/alumina interface [18] . Figures 2(a) and 2(b) are the morphologies of the anodic alumina membrane prepared in 0.3 M oxalic acid solution for 6 hours. SEM images of the porous alumina membrane reveal that the nanopores with a diameter of 80 nm and a thickness 40 m are ordered and uniform arrays.
When metal smelts under a high temperature or the temperature higher than its melting point, metallic vapor volatilizes and causes the loss of the composition. In our study, zinc has a larger vapor pressure (∼2 × 10 4 Pa) at the temperature of 750 ∘ C than aluminum (∼10 −4 Pa) [20] , and the loss of zinc would be more serious than aluminum. Therefore, it is necessary to compensate for the consumption of zinc to maintain the final composition of the prepared alloy International Journal of Photoenergy with the desired proportion. By the aid of the thermodynamic calculation, 90 wt.% zinc-10 wt% aluminum alloy could be produced precisely. Using vacuum die casting technique, the molten zincaluminum alloy was introduced into the alumina nanomold and then forming zinc-aluminum alloy nanowire array. Figure 3 shows that the zinc-aluminum nanowires with the diameter of 80 nm exhibit the uniform distribution and have the high filling ratio. EDS results display that the percentage of zinc is 89.71 wt.%, whereas the percentage of aluminum is 10.29 wt.%. In addition, the result of XRD analysis of zinc aluminum nanowires is shown in Figure 4 . The diffraction pattern proves the crystal structure and identifies the composition of alloy as theoretical composition. Figure 5 shows that the melting temperature of the zinc-aluminum alloy is 418.03 ∘ C obtained by DSC measurement. The melting point of the alloy is consistent with that indicated in the zinc aluminum binary alloy phase diagram [21] .
Au thin film was deposited at the top surface of zinc aluminum oxide nanowires array as the conductive layer of the photoelectrode by vapor deposition technique. After that, the fabrication of the nanowire array photoelectrode was completed. Figure 6 is the schematic diagram of the nanowire array photoelectrode produced in the present study. For this kind of photoelectrode, an ordered topology would increase the rate of electron transport and a nanowire electrode may improve the quantum efficiency of DSSCs depending on achieving the higher dye loadings through an increase in surface area. Therefore, the high aspect ratio zinc aluminum oxide photoelectrode designs for nanostructured semiconductor photoelectrodes in photoelectrochemical cells would be expected to enhance the attainable solar energy conversion efficiencies.
Conclusions
The present study provided a novel method to produce zinc-aluminum alloy nanowire with 80 nm in diameter and 40 m in length. The vacuum die casting applied a hydraulic pressure to inject the molten zinc-aluminum into the anodic alumina nanomold and then obtained zinc-aluminum alloy nanowire after solidification. XRD and DSC results showed that zinc-aluminum alloy prepared in this work was a hypereutectic structure in which the weight percentage of zinc was 89.71% and the weight percentage of aluminum was 10.29%. Using thermal oxidation technique, zinc aluminum oxide nanowire array was fabricated successfully. The order, uniform, and a large area of nanowire array were more suitable for device manufacture or other applications. In this study, zinc aluminum oxide nanowire array was applied as the photoelectrode of DSSCs.
